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ABSTRACT

Hyperspectral infrared (IR) sounders, such as the Atmospheric Infrared Sounder (AIRS) and the Infrared
Atmospheric Sounding Interferometer (IASI), provide unprecedented global atmospheric temperature and
moisture soundings with high vertical resolution and accuracy. In this paper, the authors investigate whether
advanced IR soundings of water vapor and temperature observations can improve the analysis of a tropical
cyclone vortex and the forecast of rapid intensification of a tropical cyclone. Both the IR water vapor and
temperature soundings significantly improve the typhoon vortex in the analysis and the forecast of the rapid
intensification of Typhoon Sinlaku (2008). The typhoon track forecast is also substantially improved when the
full spatial resolution AIRS soundings are assimilated. This study demonstrates the potential important
application of high spatial and hyperspectral IR soundings in forecasting tropical cyclones.

1. Introduction

Forecasting rapid intensification [e.g., a decrease of
42 hPa in minimum sea level pressure (SLP) in less than
24 h; National Hurricane Center 2006] of tropical cy-
clones remains a critical challenge. In general, tropical
cyclone development requires a favorable environment
of moist air, thermo instability, low vertical wind shear,
preexisting low-level perturbation, high sea surface
temperature (SST), and high ocean heat content (OHC)
in the vicinity of tropical cyclones (e.g., Gray 1968;
Mcbride and Zehr 1981). However, it has not been dem-
onstrated whether the environmental water vapor and
temperature observations will significantly improve the
rapid development of tropical cyclones.
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Advanced infrared (IR) sounder data from instru-
ments such as the Atmospheric Infrared Sounder (AIRS;
Chahine et al. 2006) and the Infrared Atmospheric
Sounding Interferometer (IASI; Siméoni et al. 1997) have
provided unprecedented environmental temperature and
moisture profiles with high vertical resolution and accu-
racy with good spatial resolution (12-14 km at nadir) in
the vicinity of tropical cyclones. The Cooperative Institute
for Meteorological Satellite Studies (CIMSS) at the Uni-
versity of Wisconsin—Madison has developed a method
to derive temperature and moisture profiles from ad-
vanced IR radiance measurements alone in clear skies
and some cloudy-sky conditions on a single field-of-view
(SFOV) basis (Li and Huang 1999; Li et al. 2000, 2004;
Zhou et al. 2007; Weisz et al. 2007). This research product
using the CIMSS hyperspectral IR sounder retrieval
(CHISR) algorithm provides AIRS soundings with higher
spatial resolution (approximately 13.5 km) than the op-
erational AIRS sounding product (Susskind et al. 2003),
with a spatial resolution of 50 km at nadir.

The CIMSS advanced IR soundings are available in
clear sky and thin cloud conditions around tropical cy-
clones and are useful for initializing the environmental
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water vapor and temperature for forecasting tropical
cyclones. A recent study shows that the CIMSS IR water
vapor and temperature soundings significantly reduced
the forecast track and intensity errors of Hurricane Ike
(2008) in its mature stage (Li and Liu2009). In this study,
we will investigate whether CIMSS IR water vapor or
temperature soundings in the environment of tropical
cyclones are able to improve the definition of the initial
vortex and forecast of the rapid intensification of tropical
cyclones. We have applied the full spatial resolution
temperature and moisture soundings retrieved from AIRS
radiance measurements using the CHISR algorithm to the
forecast of the rapid intensification of Typhoon Sinlaku
(2008) with the National Center for Atmospheric Re-
search (NCAR) Weather Research and Forecasting/ Data
Assimilation Research Testbed (WRF/DART) ensemble
assimilation system (Anderson 2003, 2007; available on-
line at http://www.image.ucar.edu/DAReS/). The effect of
the advanced IR sounding observations on the analysis of
the typhoon vortex structure and forecast of the following
rapid intensification of the typhoon are examined. We also
examined the effect of the full spatial resolution water va-
por and temperature soundings separately. It is found that
both full spatial resolution advanced IR water vapor and
temperature soundings significantly improve the forecast
of the rapid intensification and track of Typhoon Sinlaku.

2. Typhoon Sinlaku

On 7 September 2008, a tropical disturbance formed
to the northeast of Manila in the Philippines. During the
following day, the depression intensified into a tropical
storm. At 1200 UTC 9 September 2008, Sinlaku reached
an intensity of 975 hPa and became a category 1 typhoon.
During the next 24 h, Sinlaku rapidly intensified by ap-
proximately 40-935 hPa by 1200 UTC 10 September
2008. It stayed at this intensity until the next day, when it
started to weaken. In this study, we will focus on the effect
of the AIRS environmental full spatial resolution sound-
ing observations on the 24-h forecast starting at 1200 UTC
9 September 2009.

3. Full spatial resolution hyperspectral IR
soundings for Typhoon Sinlaku

The CHISR algorithm has been developed to retrieve
atmospheric temperature and moisture profiles from the
advanced IR sounder radiance measurements alone in
clear skies and some cloudy-sky conditions on a SFOV
basis (Li and Huang 1999; Li et al. 2000; Zhou et al. 2007;
Weisz et al. 2007). Radiance measurements from all
IR channels are used in the sounding retrieval process.
This CIMSS research product provides AIRS soundings
with a higher spatial resolution of approximately 13.5 km
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than the operational AIRS sounding product, which
is based on the Advanced Microwave Sounding Unit
(AMSU)/AIRS cloud-clearing algorithm (Susskind et al.
2003). The clear-sky IR soundings provide good infor-
mation about the water vapor and temperature environ-
ment of tropical cyclones.

The AIRS IR soundings are available during 0300—
0700 and 1600-1900 UTC of each day during the storm’s
period. Figure 1 shows the locations of the IR moisture
soundings used in the assimilation under clear-sky con-
ditions from 0000 UTC 6 September to 1200 UTC
9 September 2008. It can be seen that during 6 and
7 September 2008, there were quite a few soundings in
the vicinity of the storm, which may have more direct in-
fluence on the analyses of the storm. Most of the IR
soundings were located away from the typhoon, which
provide valuable observations of the environment of the
storm. With an advanced IR sounder in geostationary orbit,
more clear-sky soundings can be obtained through fre-
quent observations (Schmit et al. 2009). In the next section,
we will see that these IR soundings in the environment of
the typhoon do have significant positive influence on
forecasting the rapid intensification of the typhoon.

It is noted that starting from 0000 UTC 10 September
2008, this typhoon was well sampled during the Office
of Naval Research (ONR)-sponsored Tropical Cyclone
Structure (TCS-08) field program including several pen-
etrations by the air force hurricane hunters (WC-130J).
The environment of the typhoon was also well sampled
by the Dropwindsonde Observations for Typhoon Sur-
veillance near the Taiwan Region (DOTSTAR) drop-
sondes observations. These valuable observations can be
used for further evaluation of the analyses and forecasts
of this study.

4. Assimilation experimental design

The WRF/DART ensemble data assimilation sys-
tem is used to assimilate the full spatial resolution IR
sounding observations [for details about DART, see
Anderson (2003, 2007)]. One of the challenges for as-
similating the IR water vapor observations for mesoscale
and convective-scale forecasts, such as tropical cyclones
and heavy rainfall, is that the forecast error covariances
between water vapor and other model variables are not
known. Consequently, it is difficult to use the water vapor
observations to make consistent corrections to the errors
in the other model variables. DART employs a set (en-
semble) of model short-range forecasts to estimate the
forecast error covariances. These ensemble-based co-
variances can lead to better analyses of water vapor and
temperature in the assimilation of water vapor-related
measurements (Liu et al. 2007).
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FIG. 1. The spatial distributions of clear-sky full spatial resolution AIRS water vapor mixing ratio soundings during
the period of (a) 0000 UTC 6-7, (b) 0000 UTC 7-8, (c) 0000 UTC 8-9, and (d) 0000-1200 UTC 9 Sep 2008.

In the experiments, a 3.5-day assimilation is run first,
starting at 0000 UTC 6 September 2008 and cycling the
assimilation every 2 h until 1200 UTC 9 September 2008.
The initial and boundary ensemble mean conditions are
obtained from the 1° X 1° global aviation (AVN) analysis
produced by the National Oceanic and Atmospheric Ad-
ministration’s (NOAA) National Centers for Environ-
mental Prediction (NCEP). The initial and boundary
ensembles are generated by adding random draws from
a distribution with the forecast error covariance statistics
of the WREF three-dimensional variational data assimila-
tion (3DVAR) data assimilation system to the mean fields.
The WRF model for the assimilation is configured with
a 45-km horizontal resolution with 45 vertical levels from
the surface to the model top at 30 hPa. Thirty-two en-
semble members are used in the assimilation experiments.

At the end of the assimilation period, a set of 36-h
ensemble forecasts (16 members) initialized from the
ensemble analyses on 1200 UTC 9 September 2008 are
performed. The forecasts have a 15-km nest grid to
better capture the rapid development of the typhoon. It
is noted that higher-resolution nests (approximately a
few kilometers) would be desirable for forecasting the
rapid intensification of tropical cyclones, which will be
addressed in future studies.

The control (CTL) run assimilates most conventional
observations, including radiosonde, satellite visible and

imager water vapor cloud winds, aircraft data, land and
ocean surface station and buoy observations, Quick
Scatterometer (QuikScat) surface winds, and hurricane
position data. The microwave soundings from polar sat-
ellites might provide similar information (as seen in Li
and Liu 2009), but they are not assimilated in the control
run because we would like to fully explore the potential of
the AIRS data in this study. In later studies, the micro-
wave sounding data will be added to the control run. The
CIMSS-Q, CIMSS-T, and CIMSS-QT runs add the AIRS
full spatial resolution moisture, temperature, and both of
the moisture and temperature profiles (13.5 km at nadir),
respectively.

5. Results

First, we examine the effect of the full spatial resolu-
tion IR soundings on the definition of the typhoon vor-
tex structure in the lower and middle troposphere after
3.5 days of continuous assimilation. It is noted that the
analyses include the direct effect of the observations at
this time and the model’s advance of the effect of all the
previous observations. Therefore, the analyses’ differ-
ences between the control run and CIMSS runs involve
the WRF model’s effect.

The left panel in Fig. 2 shows the Typhoon Sinlaku sea
level pressure analysis (ensemble mean of the 32 ensemble
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F1G. 2. (left) Minimum SLP (hPa; mean of the 32 ensemble members) and (right) relative vorticity analysis
(1.07* s 1) at 850 hPa of Typhoon Sinlaku at 1200 UTC 9 Sep 2008 for (top) the control run, and the assimilating full

spatial resolution AIRS (second row) CIMSS-Q run, (third row) CIMSS-T run, and (bottom) CIMSS-QT run.
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FIG. 3. As in Fig. 2, but for (left) temperature (K) at 500 hPa and (right) water vapor (g kg™ ') at 950 hPa.
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FIG. 4. The 36-h forecasts of minimum SLP (mean of 16 en-
semble members) at the 15-km nest grid for Typhoon Sinlaku,
which are initialized from the analyses at 1200 UTC 9 Sep 2008.
The thick solid line without symbols represents the observation,
and lines with times signs, circles, squares, and triangles are the
CTL, CIMSS-Q, CIMSS-T, and CIMSS-QT runs, respectively.

members) from the control run, the assimilation of the
AIRS full spatial resolution CIMSS-Q run, CIMSS-T
run, and CIMSS-QT run. It can be seen that the mini-
mum SLP of the analyses with assimilation of AIRS full
spatial resolution moisture and temperature soundings
reached 996 hPa at 1200 UTC 9 September 2008; the
minimum SLP in the control run is a bit higher, ~1000 hPa.
The SLPs of the vortices also have better axis-symmetric
distribution when the AIRS full spatial resolution sound-
ing data are assimilated, while the vortex is a bit distorted
in the control run. Relative to the observed 975 hPa of
SLP at this time, however, the SLP intensities of the
analyses are still much weaker, which may be partly due
to the coarse resolution of the analysis grid.

The right panel in Fig. 2 shows the relative vorticity
analysis (ensemble mean) at 950 hPa from the control run,
the CIMSS-Q run, the CIMSS-T run, and the CIMSS-QT
run at 1200 UTC 9 September 2008. It can be seen that the
control run has a cyclonic vorticity of ~4.0 X 10™* s L.
When the full spatial resolution AIRS moisture and
temperature soundings are assimilated, the cyclonic vor-
ticity increases to ~6.0 X 107 s tand ~5.0 X 1074 s,
respectively.

A warm core of ~271 K at 500 hPa is also well defined
near the observed typhoon center when the moisture or/
and temperature soundings are assimilated (Fig. 3). In
contrast, the warm core is less organized and weaker in
the control analysis, where three separated warm areas
are collocated (top panel of Fig. 3). In addition, with
assimilation of the full spatial resolution AIRS moisture
and temperature soundings, the region of the typhoon
center is also slightly moister than the control run.
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FIG. 5. As in Fig. 4, but for track errors of Typhoon Sinlaku.

All of the earlier-mentioned results suggest that with
the assimilation of full spatial resolution AIRS moisture
or/and temperature soundings, the vortex of the typhoon
is better defined. This improvement should lead to better
forecasts of the typhoon, as seen next.

Figure 4 shows the ensemble mean SLPs of the 36-h
ensemble forecasts for the control and CIMSS runs on
the 15-km nest grid. The SLP of the forecast from the
control run decreases ~31 hPa after 24 h and reached
965 hPa at 1200 UTC 10 September 2008. With the full
spatial resolution AIRS temperature or/and moisture
sounding retrievals, the forecast of the rapid intensifica-
tion is much better. The SLP forecast from the CIMSS
runs decreases ~40 and ~36 hPa in 24 h, reaching 954
and 958 hPa, which is much closer to the observation.

It is also noted that with the assimilation of the full
spatial resolution AIRS moisture and temperature sound-
ings, the forecast track errors are also significantly re-
duced when compared with the control run (Figs. 5 and
6). The moisture soundings reduce track error more than
the temperature soundings.

These results also suggest that the advanced IR mois-
ture observations can have significant influence on the
forecasting of tropical cyclones, at least up to 36 h.

6. Summary

This study showed that assimilation of the environ-
mental advanced IR sounding observations can signifi-
cantly improve the definition of the initial vortex structure
in the analysis and forecasting rapid intensification of
Typhoon Sinlaku (2008). Both full spatial resolution
AIRS moisture and temperature soundings show a posi-
tive effect on forecasting the rapid development of the
typhoon using the WRF/DART system. More hurricane
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FIG. 6. As in Fig. 4, but for tracks of Typhoon Sinlaku.

cases will be studied using data from advanced IR
sounders, such as AIRS and IASI, as well as microwave
sounding data, such as AMSU-A and AMSU-B. Exper-
iments will also be extended to include cloudy soundings
retrieved from IR radiance measurements.
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